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The extracellular matrix (ECM) network provides biophysical cues that regulate many 
physiologically relevant cellular functions, particularly cell migration. Cells are known to sense 
and respond to biophysical cues including mechanical and structural properties of the tumor 
microenvironment (TME). This includes understanding how ECM stiffness, in general or when 
presented in spatial gradients alters cell behavior. The latter is critical given that cell migration 
can be directed along gradients of stiffness in a process called durotaxis or mechanotaxis. 
Durotaxis has been implicated in contributing to cell migration that governs cancer invasion. 
Research probing the influence of ECM stiffness in controlling cancer cell migration has mostly 
been conducted by tuning the bulk elastic modulus of the 2D substrates. Soft-stiff interfaces have 
also been used to control mechanical properties since cells have the ability to sense the interfaces 
as far as hundreds of microns away from them. This approach can be used to both create uniform 
as well as spatial gradients of stiffnesses. Soft-stiff interfaces are useful in manipulating the 
effective local stiffness without altering the bulk properties. In addition, they allow non-expert 
end users to generate gradients of stiffness, because the surface, which is manufactured before 
introduction of the ECM and cells, controls the stiffness gradients and not some patterning 
process that occurs co-temporal to the introduction of cells. Much work has been carried out in 
2D to study cellular responses to stiffness cues leveraging the interactions at the soft-stiff 
interfaces. However, 3D in vitro models mimicking TME are becoming a standard for studying 
cell behavior and how stiff-soft interfaces operate in 3D environments is unknown. Finally, there 
is an opportunity to tune the stiff-soft interfacial interaction through surface chemistry, but the 
design principles associated with this surface chemistry is currently unknown. In this thesis, I 
present a novel method to tune the mechanical properties of the 3D microenvironment by 
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leveraging the interactions at the soft-stiff interface. We examine the migration of cells 
embedded in a collagen gel sandwiched between two stiff substrates (glass). We study how 
surface attachment of collagen to the stiff substrate and the thickness of the collagen fiber 
network influence the cell migration speed and cell morphology. The findings of this study 
suggest that these perturbations result in different cell responses. Cell migration appears to be 
controlled by the gel thickness, whereas cell morphology is tuned by the surface chemistry at the 
stiff-soft interface and the gel thickness. Our study also suggests that durotaxis can be elicited by 
leveraging the thickness of the gels. In the future, we will design 3D structures to elicit durotactic 
responses using soft-stiff interfaces. 
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CHAPTER 1.    INTRODUCTION 
1.1Motivation 
 
Cancer is regarded as a key health issue globally, causing high patient morbidity and 
mortality rates and huge economic loss. This disease is a condition in which some of the cells 
uncontrollably divide and invade the surrounding tissues. In 2015, one in six deaths was caused 
by cancer and the economic impact of cancer was estimated to be 1.16 trillion USD in 2010[1,2]. 
Cancer patients are prone to develop metastasis. Metastasis is caused by a multi-step biological 
process, known as the invasion-metastasis cascade which results in the transformation of a local 
tumor into a lethal disease. In metastasis, the epithelial cells from a primary tumor invade into 
the extracellular matrix (ECM) and intravasate into the blood/lymph vessels where the cells 
survive in circulation. At a distant site, they extravasate into a new tissue environment and form 
micro-metastases. They adapt and colonize in the foreign microenvironment by re-initiating 
proliferation, thereby forming detectable macro-metastases [3–7]. Metastatic ability can lead to a 
rather incurable disease for various cancer types. Blocking invasion and metastasis is a good 
therapeutic strategy to cure cancer, since these are important steps in cancer progression. 
Metastasis causes >90% of mortality due to cancer, whereas a confined primary cancer is often 
cured by a surgery or irradiation. Although there are biological mechanisms to ensure normal 
cell function and apoptosis, cancer overcomes these natural barriers through the evolutionary 
selection of traits, a process deemed to be one of the hallmarks of metastasis [8]. Despite the 
large amount of work that has been conducted on cancer invasion, there are still questions to be 
answered pertaining to how cells carry out this process, particularly with respect to the 
biophysical cues as they are presented in the TME. For instance, while gradients in stiffness are 
known to exist in the TME and stiff-soft interfaces are present there as well, particularly in 
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malignant tumors, how these affect cancer cell morphology and migration are unknown. This 
understanding of the biophysical cues could potentially be used to devise therapeutic strategies 
that specifically target mechanisms that control biophysical sensing. Engineered platforms 
mimicking the TME have been shown to elicit directed cell migration, a key step in tumor 
invasion. These are immensely useful since they can be tightly controlled to provide specific 
mechanical cues and used to probe their influence on cell migration for different cell types. 
Durotactic cues could be provided to study how different cell types engage in durotaxis. 
Designing environments with tunable mechanical properties, including durotactic cues, could be 
developed as a high-throughput screening technique for patient derived cells, based on 
differential metastatic potential. Migration of cells through these platforms could be used to 
screen cells for therapeutic purposes.  
 
1.2 Background and Introduction 
 
1.2.1 Metastasis requires directed migration 
 
Metastasis involves the translocation of cancer cells from a primary site to a new location 
and hence is above all, an end-product of cell migration. Cell migration is important in a variety 
of physiological and pathological processes such as wound healing [9], immunological responses 
[10] and cancer metastasis [11,12]. Cells inside the body can undergo random migration or directed 
migration. The micro-environmental cues affect the way in which cells migrate, by activating 
signaling pathways that can alter the actomyosin cytoskeleton. Cells migrate in a random fashion 
in a spatially homogenous local environment. However, spatial heterogeneity leads to a bias in the 
motility machinery and results in directed migration. Directed cell migration is important in highly 
invasive cancer and is hypothesized to be a key indicator of metastatic cancer. The tumor 
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microenvironment is known to have altered mechanical properties. Cancer lesions are stiffer than 
the surrounding tissue. This in turn leads to a bias in the migrational cues originating from the 
spatial inhomogeneity in stiffness[13]. Durotaxis is the mode of directed migration in response to 
gradients of mechanical cues in the ECM[14]. Thus, it has been hypothesized that durotaxis[15] is 
involved in the initial steps of invasion-metastasis cascade.  
 
1.2.2 Cells produce, remodel and degrade extracellular matrix 
 
The extracellular matrix (ECM) is a vital non-cellular component with a plethora of 
dynamic macromolecules that are responsible for protective and organizational functions [16–
18]. The ECM is a heterogeneous network of biopolymers, primarily constituted of 
proteoglycans (PGs) and fibrous proteins which are chemically and physically cross-linked. The 
major components in the ECM include collagen, fibronectin, elastin, laminin, hyaluronic acid, 
keratan sulfate, chondroitin sulfate and heparan sulfate, to name a few. There are about 300 
components in the ECM responsible for providing biophysical and biochemical properties to the 
ECM. Some of these components like collagen, elastin, and fibronectin are capable of forming 
long filamentous fibers with different mechanical properties which serve as structural support. 
For example, collagen strains very little before fracture and is non-linearly elastic, whereas 
elastin undergoes high levels of straining before fracture. Fiber density and alignment are also 
central to determining the ECM material properties. The other ECM components also have 
functional properties. The proteoglycans in the ECM are highly negatively charged, and are 
capable of resisting compressive stress [19]. The biopolymeric network of the ECM is a dynamic 
system which gets modified by generation, remodeling and degradation of its constituents. 
Cells are capable of altering the ECM by synthesizing ECM proteins, changing the extent of 
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crosslinking, remodeling or degrading the matrix. Collagen is the main structural component in 
the ECM. Therefore, degradation of collagen is an important process in tissue remodeling, 
development and repair. Matrix metalloproteinases (MMPs) are enzymes that facilitate ECM 
degradation. There are different groups of MMPs, namely the collagenases, the gelatinases, the 
stromelysins, and the membrane-type MMPs. Among the known MMPs, MMP-1, 8, 13 and 18 
are collagenases whereas MMP-2 and 9 are gelatinases that degrade different types of collagens 
and gelatins respectively [20–22]. Also, myosin mediated contractility is important in 
remodeling the ECM. The myosin motors generate contractility that allow cells to exert forces 
which remodel the ECM [23]. Cell-ECM interactions and force transmission are discussed in the 
following section. Increased matrix alignment, collagen density and consequently higher 
stiffness have been observed and characterized in the tumor microenvironment in cancer 
specimens from clinical biopsies and in vitro samples .This is potentially caused by increased 
matrix crosslinking and ECM component density[19,24–26]. These changes are hallmarks of 
cancer progression. 
 
1.2.3 Cell - ECM interactions and regulation of cellular responses  
 
Micro-environmental and cell intrinsic factors play a major role in cell morphology and 
migration [27–29]. With numerous studies, it has become increasingly evident that by 
modulating its components, the ECM provides different biochemical and biophysical signals that 
regulate cellular processes like survival, proliferation, differentiation, and migration [14,30–
32].There are bi-directional cell-cell and cell-matrix interactions, which result in a coordinated 
response to orchestrate various cellular functions. Cells adhere to the ECM using focal 
adhesions. These are assemblies of intracellular signaling and structural proteins that function to 
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link the cytoskeleton to the ECM through transmembrane receptors present at the cell surface. 
Cells constantly experience mechanical forces produced by neighboring cells through the ECM 
and exert forces on their surroundings through these focal adhesions, which serve as mechanical 
linkage between the cells and ECM [33,34]. The spatially controlled dynamics of the focal 
adhesion sites create an imbalance in the traction stresses. Spatial heterogeneity in the ECM 
causes imbalance in the traction stress experienced by the cell which guides cell migration 
[13,35]. Integrins are known to be the cell receptors responsible for sensing the forces and 
physical signals in the matrix. The interconnected systems of adhesion receptors, focal adhesion 
proteins, cytoskeletal networks and motor proteins produce responses to the mechanical forces 
experienced by the cells. Thus, focal adhesions are important in cell migration and force 
transmission between the cell and the surrounding. [25,27,34,36–38].  
While the adhesion points between the cell and the ECM are central to biochemical 
signaling, force transmission and mechanosensing allow the cells to detect the biophysical 
properties of the ECM. Biophysical cues due to ECM properties like rigidity, porosity and 
topography influence anchorage-associated responses like cell migration and cell division [39–
46]. For example, cell number was observed to reduce with decreasing pore size. Pore size of the 
network fiber is a quantifiable measure of the 3D ECM structure. If the pore is too small, the 
structure poses restriction for cell motility and limits diffusion of nutrients and waste 
removal[47].  
 It has been widely accepted that cells can feel and respond to the external micro-
environmental cues like rigidity, chemical and topographical properties [48,49]. Furthermore, 
researchers have shown that in vitro cells migrate in response to gradients of chemical 
concentration [50], light intensity [51], electrostatic potential [52], and  rigidity [53] in the ECM. 
6 
 
However, ECM stiffness has been central to researchers probing the influence of ECM on cancer 
cell behavior, because the tumor-associated ECM is observed to be stiffer than the normal 
tissues, as high as ten-fold. Increased stiffness is linked to the enhanced cell proliferation and 
reduced cell apoptosis during tumorigenesis. Additionally, tumor cells are also known to increase 
the matrix deposition, and thereby increasing the matrix stiffness [54].Consequently, numerous 
studies examining the morphological and migrational response to uniform differences in stiffness 
in 2D and 3D as well as durotactic responses to spatial gradients of stiffness have been carried 
out and will be reviewed in the following three sections. 
 
1.2.4 Techniques used to tune stiffness  
 
ECM stiffness has been shown to increase during cancer progression. Understanding the 
effects of matrix stiffness on cell behavior is central to developing therapeutic strategies to fight 
this disease. In vitro models with stiffness cues have been extensively used to study cell 
responses among different cell lines. The most common method used to elicit cellular responses 
arising from stiffness is to control the bulk modulus of substrates. This is achieved by tuning the 
polymerization parameters such as temperature, concentration and polymerization time. 
Controlled polymerization of synthetic polymers like polyacrylamide (PA) is widely used to 
create platforms for studying cellular responses on 2D substrates. PA gels have been used to 
study the influence of matrix stiffness on migration, proliferation, differentiation, adhesion and 
force generation in 2D. PA gels provide an ideal platform these studies, because the ratio of the 
monomer (acrylamide) to cross-linker (bis-acrylamide) can be varied to generate the required 
Young’s Modulus (10 Pa – 100 kPa). However, PA gels are not compatible for cell 
encapsulation as it is known to induce cytotoxicity, thereby limiting 3D studies [55]. Controlling 
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bulk modulus has been used in 3D as well. Increasing collagen density has been shown to 
increase the bulk modulus. For instance, Hadjipanay et al 2009 examined 3D gels with stiffness 
gradients using collagen hydrogel [56]. But this altered the ligand density along with the stiffness 
gradient. Matrix protein crosslinking using glutaraldehyde and glycation are used to tune 
stiffness of the collagen gel. However, this can often change the chemical composition or 
architecture of the matrix [57]. Introducing glutaraldehyde in the matrix is known to alter the 
pore size, induce calcification, consequently limit the diffusion of nutrients and trigger toxicity. 
Thus, bulk changes may be not the most appropriate way to study the effects of stiffness of the 
matrix. Controlling the microscale environment has emerged as a technique used to generate 3D 
scaffolds with stiffness cues. 
While differential polymerization has been used to study the effects of substrate stiffness 
on cell migration, geometry and topography of the substrate, distance from the boundary and 
thickness of the substrate can also control the local stiffness experienced by cells. For example, 
Ayaka Ueki and Satoru Kidoaki in 2015 showed that by designing curvature of the elastic 
boundary, they could manipulate cell mechanotaxis by controlling the effective stiffness [58]. 
Researchers have also used techniques based on manipulation of hydrogel thickness to tune 
mechanical properties, particularly effective modulus. Leong et al., 2010 showed that, in systems 
with interfacing soft-stiff substrates, along with the intrinsic mechanical properties of the 
substrates, the thickness also contribute to controlling the effective stiffness. This study 
demonstrated that in Human mesenchymal stem cells (hMSCs), cellular response was induced 
even at hundreds of microns away from the rigid support [59]. Later, in one of the early works 
based on the inherent mechanical gradients produced by edge effects, Rao SS et al. 2012, studied 
the influence of mechanical gradients on glioblastoma multiforme (GBM) tumor cells at the level 
8 
 
of morphology, actin organization and migration, by interfacing soft-stiff substrates [60]. Even 
though soft-stiff interfaces have been used to regulate stiffness, most of these studies are 
restricted to 2D systems.  
 
1.2.5 Cell morphology and migration in 2D systems with tunable mechanical properties      
 Historically, the influence of ECM stiffness on cell behavior has been studied in vitro on 
2D substrates [61]. Soft materials undergo large deformations under large forces, whereas stiff 
substrates can maintain the force without large deformations as it can store more mechanical 
energy. Consequently, studies show that cells spread less on soft substrates as compared to stiff 
substrates and the cell spreading area has been observed to increase with the substrate rigidity 
due to the reinforced adhesion on stiffer substrates. In one of the early studies, fibroblasts and 
epithelial cells on ECM coated substrates were shown to respond differently to soft and stiff 
substrates, at the level of cell morphology and migration. On soft substrates, the epithelial cells 
showed increased lamellipodial protrusion/retraction activities and fibroblasts migrated at a 
faster rate [30]. This was attributed to the destabilization of adhesion on soft/flexible substrates. 
Later, in 2000 Lo et al. reported an increased cell spreading area for fibroblast cells on stiffer 
substrates[53]. Similar results were reported in smooth muscle cells [62] and  A7r5 SMCs (aorta-
derived cell line) [63].  Furthermore, the cell spreading area is also correlated to the size of the 
focal adhesions. Kim, Dong-Hwee and Wirtz Denis in 2013 showed that the cell spreading 
increased linearly with the focal adhesion size [64]. In 2017, Yeh, Yi-Chun et al showed that soft 
matrices impeded cell spreading and focal adhesions in Mouse mammary gland epithelial cells 
(NMuMG) and collecting duct tubular epithelial cells (M1) [65]. These studies have established 
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that the cell spreading area and focal adhesions increase with increasing stiffness among 
different cell lines.  
In addition to morphology, several studies have reported an increase in cell speed with 
increasing substrate Young’s Modulus. From a mechanistic perspective, cell migration is an 
outcome of net translocation arising from unbalanced forces acting on the cell. Cell migration in  
2D has three major stages: i) extension of a protrusion in the direction of motion ii) adhesion at 
the leading edge and the de-adhesion at the trailing end of the cell on the substrate and iii) 
generation of contractile forces at the rear end and the cell body to pull itself in the direction of 
motion [66]. Vascular smooth muscle cells[67] and MCF10A epithelial cells [68] have been 
shown to follow this trend on 8–72 kPa and 3–35 kPa, respectively. However, in 1997 Pelham 
and Wang reported a decrease in cell migration speed with an increase in Young’s modulus of 
polyacrylamide substrates. Similarly, Ghosh et al 2007 showed a similar trend in primary adult 
human dermal fibroblasts (AHDFs)[69]. T24 carcinoma cells[70] and neutrophils cells[71] have 
also been shown to have a decreased migration speed on stiffer substrates. Later, studies showed 
that the migration speed has a biphasic dependence on the stiffness of the substrates and a variety 
of cell types exhibit a stiffness optimum, at which the cell speed is maximal thus unifying these 
seemingly contradictory results. A model based on the motor-clutch hypothesis for force 
transmission also exhibited a maximum in traction force with respect to substrate stiffness and 
predicted the biphasic dependence of the speed for stiffness sensitive cell migration.[72,73].  
 
1.2.6 3D systems with tunable mechanical properties  
 
Most of our understanding about cellular responses to mechanical cues are from studies 
on 2D substrates. In 2D, cells adopt morphologies and migration modes that are physiologically 
10 
 
irrelevant. The difference in dimensionality between the 2D and 3D systems itself can alter cell 
behavior. 2D and 3D cultures are distinct at the level of receptors anchored and consequently, 
force distributed to the ECM. Additionally, differences in 3D ECM structure can alter cell 
mechanotransduction. Focal adhesions and integrins present at the cell surface act as mechano-
sensors and mechano-transducers. These proteins sense and transduce the mechanical signals 
into biochemical signals. It has been widely acknowledged that the mechanical cues can alter 
focal adhesion dynamics and integrin activation. Mechano-activated proteins like integrin have 
been shown to have an increased activation and clustering in response to an increase in matrix 
stiffness [65]. Integrin activation then triggers the organization of various cytoskeletal proteins 
like talin, paxillin etc. and recruits signaling molecules into the focal adhesion points [74]. This 
process is central to cellular responses caused by mechanical cues. In fibroblasts, Beningo et al. 
showed that by an increase in dimensionality, even in its simplest form, could elicit differences 
in cell adhesion and morphology. The cells cultured between two layers of polyacrylamide 
coated with ECM changed the morphology into a bipolar or stellate morphology which is found 
in vivo, whereas the cells cultured on 2D polyacrylamide substrate coated with ECM were more 
spread [75].  
The type of 3D ECM used can also alter matrix architecture and composition. Collagen, 
fibrin and matrigel are commonly used polymerizable ECM proteins. An increase in ECM 
concentration has been shown to increase stiffness in collagen type I gels [23]. Polymerization 
temperature can alter the ECM microstructure, fibril size, pore size, fibril stiffness and modulus 
of the gel [76]. Due to the complexity of the physical environment, cell migration in 3D is still 
poorly understood. However, there are studies which characterize cell behavior in 3D systems 
with tunable steric and mechanical properties mimicking the tumor microenvironment. For 
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example, Fraley SI et al. 2010, showed that in 3D matrices, the focal adhesion proteins control 
the protrusion and matrix deformation, thereby affecting the cell migration speed and persistence 
time, despite the absence of detectable focal adhesion structures. Thus, this study provided 
evidence that 3D migration mode cannot be completely understood by simply stretching our 
understanding about 2D migration, in which cell motility depends upon the force transmitted to 
the ECM through focal adhesions [77].Furthermore, studies have shown that the dependence of 
cell speed on elastic modulus is cell line dependent. Although there are numerous studies 
demonstrating durotactic cell responses in 2D, very few papers have shown this in 3D systems 
[78]. This could be attributed to the difficulty in finely controlling the mechanical properties of 
the matrix. The studies probing the effect of matrix parameters on cell response is often 
challenging, because the change in one of the factors often results in the change of another factor 




Heterogeneity in the stiffness around the cell leads to differences in force experienced by 
the cell at different focal adhesions. This imbalance experienced by the cell causes the directed 
migration due to mechanical cues [13]. Directional cell locomotion towards a stiffer environment 
is commonly observed in cell biology, a process known as durotaxis or mechanotaxis, which 
originates from the spatial heterogeneity in the stiffness and is dependent on the strength of the 
stiffness gradient. The term was coined in the paper by Lo et al. 2000 which studied the cell 
locomotion guided by physical interactions among fibroblast cells due to soft-stiff interfaces[53]. 
Numerous cell types have been shown to demonstrate the ability to sense and crawl towards the 
stiffer environments. In 2003, Wong Y.J et.al showed that vascular smooth muscle cells on 
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radial-gradient-compliant substrata exhibited durotaxis and cells accumulated in the stiffer region 
after 24 hrs [79]. Further, Isenberg, C. Brett and coworkers showed that in vascular smooth 
muscle cells, durotaxis with respect to the gradient increased with increasing magnitude of 
gradient, but remained independent of the absolute modulus [80]. The dependence of durotaxis 
on stiffness gradient strength was established among mesenchymal stem cells as well [81]. With 
more studies among a variety of cell types, it is universally appreciated that cells migrate towards 
a stiffer environment by mechanosensing the surroundings [82–90]. However, much of this work 
is confined to ECM coated 2D substrates. Stiffness mapping on clinical biopsy samples have 
shown that there is a higher stiffness in the local microenvironment associated with the tumor. In 
addition to the tissue stiffness gradients, there are soft-stiff interfaces which also provide 
mechanical gradients. Although it is unclear how these cues orchestrate directed migration, there 
are studies which show that durotaxis can be elicited in 3D [91]. 
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CHAPTER 2.    RESEARCH OBJECTIVES 
 
2.1 Develop and Characterize a TME Mimicking 3D System with Tunable Mechanical 
Properties 
Physical characteristics of the TME have been identified to influence cell function. A 
mechanical signal is induced by the physical properties of the microenvironment. This is then 
converted into a chemical signal which manifests a cell response. The transmembrane integrin 
receptors on the cell membrane receive the mechanotransduction signals, integrated over time 
and space. 3D tumor mimicking systems can be used to provide specific mechanical cues to 
understand the cellular responses in a physiologically relevant TME mimicking environment.  
The influence of mechanical cues on cell behavior has been extensively studied in the past on 2D 
substrates. It has been widely acknowledged that cell behavior in 3D environments is 
characteristically distinct from 2D. Further, 3D assays have been shown to mimic in vivo cell 
responses. Tuning mechanical properties in a 3D system is often challenging since a change in 
one of the matrix parameters could alter other parameters. For example, collagen density can be 
used to control the matrix stiffness. But this changes the ligand density in the matrix. However, 
techniques using different heights soft gel interfaced on top of a stiff substrate are commonly 
used to create stiffness gradients in a 3D environment. 
Soft-stiff interfaces have been frequently used to examine cellular responses to stiffness 
associated cues without altering the bulk properties. This is particularly important for cancer cell 
studies, because of the soft-stiff interfaces present in the TME. Although a handful of papers 
have leveraged this technique, most of this work is limited to 2D substrates. Also, surface 
chemistry at the soft-stiff interfaces have not been used to manipulate the local mechanical 
properties in 3D gels. A novel method using chemical functionalization of surfaces is used to 
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tune the stiff-soft interfacial mechanical linkage, possibly creating different stiffness properties 
in 3D in vitro gel above. By creating chambers with chemically functionalized coverslips and 
sandwiching cells embedded in collagen, cells are expected to experience differential forces 
depending on the strength of the attachment of collagen with the functionalized substrates. The 
differential attachment at the soft-stiff interface is expected to alter the mechanical properties. 
Furthermore, by varying the collagen gel thickness, the influence of gel thickness on cell 
response is also probed. As the cells are embedded in the collagen squeezed between the glass 
coverslips, they feel a 3D in vivo like microenvironment. We want to probe how confinement and 
interfacial mechanical cues in the TME influence cell migration and morphology, by varying the 
collagen gel thickness and interfacial adhesion. The technique provides a way to generate 
mechanical cues without patterning or controlled polymerization or complex fabrication 
methods, which require expertise.   
 
2.2 Evaluate How Cell Migration and Morphology Vary in 3D as a Function of Gel 
Thickness and Surface Chemistry Linking the Soft and Stiff Interface 
The migratory and morphological discrepancies in 2D models and in vivo have shifted 
the research focus to 3D in vitro models. The mechanism and the influence of mechanical cues 
on cell migration, morphology, adhesion, force generation and contractility have been 
extensively studied in 2D. 3D systems mimicking TME are becoming a standard to study cellular 
responses with varying mechanical cues. In our study, the 3D system developed is used to 
examine how cell responses varied with perturbations that provided cues arising from adhesion 
interactions at the soft-stiff interface. We expect the surface chemistries at the soft-stiff interface 
to change the adhesion between the collagen gel and the glass substrate, and consequently alter 
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the local mechanical properties felt by the cells. Additionally, thickness of the gels are known to 
alter the effective stiffness. Thick gels behave like soft substrates whereas thin gels behave like 
stiff substrates. We are interested in investigating how these perturbations affect the cellular 
responses, particularly cell migration and morphology. While confinements and soft-stiff 
interfaces are known to exist in the TME, how these affect cancer cell morphology and migration 
are poorly understood. This study will provide us insights about the effects of matrix parameters 
arising from adhesion interactions due to the surface chemistry present at the soft-stiff interface 
and the thickness of the collagen gel.  
 
2.3 Examine if Durotactic Responses Could Be Elicited in the Surface Tunable 3D Systems 
 
 Directed migration is important in metastasis. Also, the cancer associated ECM is known 
to undergo mechanical and organizational transformation to form stiffer microenvironments. 
Thus, durotaxis, the process by which cells migrate in the direction of increasing stiffness, is 
theorized to play a key role in cancer invasion. Durotaxis on 2D substrates has been established 
among many cell lines and it is universally accepted that cells migrate towards stiffer 
environments. Much of the physical understanding of the initial steps of the invasion-metastasis 
cascade is derived from these studies. However, there are very few studies which examine the 
durotactic migration of cells in a physiologically relevant 3D microenvironment. In our study, 
we examine whether durotactic migration could be observed in 3D environments with different 
collagen fiber network thicknesses. This could potentially help in devising a screening technique 
to separate patient derived cells based on metastatic potential. 
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 Cells have a tremendous ability to sense and respond to biophysical cues in their 
environment. This is particularly important in the context of cancer invasion and metastasis, 
where cells sense the extracellular matrix stiffness of the tumor microenvironment. The 
magnitude of the sensed stiffness can either promote or inhibit the migration of cancer cells out of 
the primary tumor into surrounding tissue. Much work has been done on examining the role of 
stiffness in tuning cancer cell migration by controlling elastic modulus in the bulk. To 
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complement this approach others have leveraged interactions between soft-stiff interfaces to 
understand cell responses to changes in stiffness. Cells appear to sense these interfaces at 
reasonable length scales (10-200 µm), providing a complementary approach for conveying 
biophysical signals to cells. In this paper, we examine the migration of cells embedded in a 
collagen fiber network sandwiched between two flat plates. We examine the role of both surface 
attachment of the collagen network to the stiff interface as well as thickness (50-540 m) of the 
collagen gel in driving cell morphology as well as cell migration speed. We find that surface 
attachment and thickness do not operate overlapping mechanisms, because they elicit different 
cell responses. While thickness and surface chemistry appear to control morphology, only 
thickness regulates cell migration speed. This suggests that surface attachment and thickness 





• Surface functionalization results in tunable adhesion between collagen gels and glass interfaces. 
• When collagen is attached to the glass surface, projected cell area decreases, when moving 
further into a collagen gel from the collagen gel-glass interface. 
• When collagen does not attach to the glass surface, projected cell area is independent of 
distance from the collagen gel-glass interface. 
• Cell speed only depends on collagen gel thickness and not surface functionalization. 
• Collagen gel thickness can be used to direct cell migration from areas where the collagen gel is 
thick to areas where it is thin, opening the use of stiff-soft interfaces to control durotaxis, or 





Metastasis is the major cause of death due to cancer [1,2]. Invasion of the local 
extracellular matrix (ECM) is the first step of metastasis and is driven by cell migration. The 
ECM influences fundamental aspects of cell migration by providing a scaffold on which to 
migrate and presenting promigratory ligands that the cell can recognize through receptors. Both 
biophysical and biochemical interactions between cells and the ECM influence cell adhesion, 
morphology and migration, and thereby play a key role in metastasis [3–6]. Collagen is arguably 
one of the most important components of the ECM in the tumor microenvironment (TME). 
Collagen is a fiber forming protein that assembles into an entangled network that can be 
differentially crosslinked. The density and crosslinking of the collagen network determine the 
mechanical properties of the network, which are known to change as the tumor progresses [7]. 
The stiffness in and around tumors increases as the tumor progresses, brought on by enhanced 
collagen deposition and crosslinking. Cells sense the stiffness of their surroundings by anchoring 
onto the ECM and exerting traction forces using focal adhesions [8]. Engineered platforms that 
can control the mechanical properties of the ECM are tremendously useful in understanding how 
biophysical properties regulate cell migration and other processes germane to cancer metastasis. 
Significant research has focused on the characterization of ECM stiffness and its 
influence on cell behavior, particularly cell migration [9–12]. Most of the studies examining the 
role of stiffness on cell behavior control the bulk elastic modulus of the ECM by tuning the 
polymerization parameters such as temperature, concentration, and polymerization time. 
Furthermore, many of these have examined cell migration in 2D. Several studies have reported 
an increase in cell speed with increasing ECM elastic modulus. For example, vascular smooth 
muscle cells [13] and MCF10A epithelial cells [14] have been shown to follow this trend. 
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However, contrasting results have been shown in 3T3 fibroblasts [10]. Thus, it has been 
theorized that cell migration speed has a biphasic dependence on the stiffness of the ECM [15] 
with a maximal speed at an optimum elastic modulus, which varies for different cell lines. 
Furthermore, it was found that cells preferentially move from less stiff region to a stiffer 
environment, a phenomenon known as durotaxis or mechanotaxis [10,11,13,16]. Although 2D 
experimental studies are often easier to conduct and are helpful in broadly answering the 
fundamental aspects of cell behavior by simplifying the intricacies arising from dimensionality, 
it has been established that 2D and 3D cell responses are characteristically distinct [17,18]. 
Cells embedded in a 3D system are exposed to a more complex environment with a 
variety of signals, compared to a 2D monolayer [18]. During 3D migration, the traction forces 
are transmitted to the matrix through focal adhesions, allowing the cell to remodel the 
surrounding ECM. Common 3D in vivo mimicking systems are composed of collagen, matrigel, 
hyaluronan, alginate, gelatin and poly(ethylene-glycol) to name a few [19–24]. In line with the 
2D studies, the dependence of cell speed on elastic modulus depends on the cell type [25,26]. In 
addition, durotaxis can be elicited in 3D environments [27]. Collagen networks represent 
important environments in which to study the effects of mechanical properties on cell migration 
due to collagen’s abundance and ability to drive cancer cell invasion. However, altering collagen 
mechanical properties can be challenging. For instance, collagen networks are stiffer at higher 
densities, but the ligand density increases along with the elastic modulus. Collagen can also be 
crosslinked using glutaraldehyde or transglutaminase or glycated, stiffening the collagen gel. 
However, glutaraldehyde crosslinking is not compatible with already embedded cells, 
transglutaminase crosslinking is difficult to control, and glycation leads to the formation of 
advanced glycation end products, thereby changing the chemical composition of the matrix [28]. 
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Other approaches are needed to tune the stiffness of collagen networks. Cells sense stiffness 
changes due to stiff-soft interfaces and ECM topographical features have been widely used to 
elucidate the influence of mechanical properties of the local TME [29–31]. Cell behavior 
depends on the thickness of the ECM network or the distance from a soft-stiff interface. For 
instance, cell spreading area is known to decrease with distance from the surface. However, 
many of these studies have focused on 2D cell behaviors. Only a handful of papers have assessed 
the role of soft-stiff interfaces in altering cell behavior in 3D. This includes reports of using this 
stiff-soft interface to control spread area and random migration [26], directed migration [32], 
focal adhesion formation [33] or myosin activity [27]. While this regulation of stiffness through 
soft-stiff interfaces has been used frequently in literature, most of this work is confined to 
examining cells on 2D substrates. Those in 3D have not leveraged control over stiffness by 
altering the surface chemistry at soft-stiff interfaces. 
In this study we alter the surface chemistry of glass surfaces as well as collagen gel 
thicknesses to create different biophysical conditions in 3D collagen matrices. By controlling 
surface chemistry, we altered the strength of adhesion between the functionalized glass and 
collagen, presumably changing the local stiffness experienced by cells in the matrix close to the 
surface. The effect of gel thickness on stiffness is governed by the fiber structure of the gel and 
in fibrous collagen gels, the cell-mediated forces can travel up to a few hundred microns from 
the surface. We controlled the thickness of the collagen gel from 50 µm to 500 µm in addition to 
controlling the surface chemistry. Cell morphology and migration characteristics were 
determined under conditions with different surface chemistry and thickness to understand the 
biophysical effects of matrix parameters arising from polymerization of collagen in 3D 
chambers. Varying the collagen gel thickness parameters as well as the interfacial adhesion 
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allows us to probe how confinement and stiff-soft interfaces present in the tumor 
microenvironment influences cell migration.  
 
3.4 Material and Methods 
 
3.4.1 Surface modifications generating high and low collagen binding surfaces 
 
Glass coverslips (Corning) were cleaned using the squeaky-clean procedure described 
elsewhere [34]. To prepare glutaraldehyde-treated surfaces, the squeaky cleaned coverslips were 
immersed in a piranha solution, 3:1 H2SO4 (Fisher): 30 wt% H2O2 (Fisher) v/v, for one hr at 
room temperature. Next, the coverslips were rinsed three times with nano-pure water and then 
immersed in a 1% (v/v) 3-aminopropyltriethoxysilane (APTES) (Acros Organics) in a 1 mM 
aqueous acetic acid (Fisher) solution for two hrs. After the silane coupling reaction, the 
coverslips were rinsed three times with nano-pure water baked at 100 °C. To treat the coverslips 
with glutaraldehyde (Electron Microscopy Scinces), they were immersed in a 6% glutaraldehyde 
solution (v/v) in 1x phosphate buffered saline (PBS) (Gibco) for one hr. Non-binding surfaces 
were created by treating the squeaky clean glass coverslips with 250 μg ml-1 poly(L-lysine)-
poly(ethylene glycol) (PLL-PEG) (Alamanda Polymers) in PBS. Coverslips were immersed in 
PLL-PEG solution and placed on a shaker for five mins and then placed in an incubator (37 °C) 
overnight (> 12 hrs). 
 
3.4.2 Characterization of amine density on glass surfaces 
 
The condensation reaction between primary amines and 4-nitrobenzaldehyde (Sigma 
Aldrich) in anhydrous ethanol was used as a method to quantify the attachment of APTES to the 
glass coverslips [35]. The glass coverslips were immersed into a solution containing 0.4 mg ml-1 
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4-nitrobenzaldhyde and 20 μl acetic acid in 25 ml of anhydrous ethanol at 50 °C for three hrs. 
After the reaction, the glass coverslips were washed with absolute ethanol and air dried. After 
drying, the glass coverslips were crushed and immersed in 10 ml 0.2% aqueous acetic acid 
solution for one hr at 30 °C. The absorbance of the 4-nitrobenzaldehyde in 0.2% acetic acid was 
used to quantify the concentration of APTES on the surface using a calibration curve prepared 
from absorbance data collected for different concentrations of 4-nitrobenzaldehyde. 
 
3.4.3 Contact angle measurement 
 
To test for the successful completion of a glass surface treatment, water contact angles 
were measured on each surface using a video camera (Javelin) and µManager 1.4 software [36]. 
A droplet of nano-pure water was placed on the surface and imaged through an objective lens 
(10x, NA = 0.2, Thor Labs, Newton, NJ, USA) attached to the video camera. The collected 
images were analyzed using the contact angle plug-in in ImageJ (National Institutes of Health) 
[37]. 
 
3.4.4 Adhesion characterization 
 
The pull-off force of a glass indenter from an elastic gel as a function of displacement 
was measured employing the custom-built adhesion apparatus as shown in Fig. 3a. The adhesion 
instrument consists of a functionalized hemi-spherical glass indenter with a diameter of 5 mm, a 
heating stage and an optical microscope. The glass indenter was glued (cyanoacrylate adhesive) 
to a small piece of a glass slide that is glued to the head of a screw. Then the screw was inserted 
into a uniaxial load cell (FUTEK Advanced Sensor Technology, LSB200), which was connected 
to a piezo-controlled linear actuator (Physik Instruments (PI), N-565). Collagen at 2 mg ml-1 
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concentration in imaging media (see Section 2.5), was placed within a circular 
polydimethylsiloxane (PDMS)(Dow Corning Corporation) ring mounted on 25x75x1 mm glass 
microscope slide to prevent the specimen from spreading during polymerization. In addition, a 
dome-shaped glass case with a small circular hole was placed above the glass slide to reduce 
evaporation. The heating stage (Warner Instruments) on which the glass side was mounted has a 
circular hole at the center, which enables optical observation of the interface between the 
indenter and gel throughout the experiments. 
Adhesion experiments were performed by bringing the indenter into contact with 
collagen. The probe was held in contact with the substrate for 30 mins at room temperature, 
followed by an additional 30 mins at elevated temperature of 37 °C, thereby polymerizing the 
collagen in situ and crosslinking collagen with the chemically treated surface of the indenter. 
After the polymerization, the indenter was retracted at a constant displacement rate of 10 m s-1 
until complete separation between the probe and collagen gel occurred. The load data were 
collected with a DAQ (National Instruments, NI USB-6002) in LabVIEW (National 
Instruments). 
 
3.4.5 Cell culture and characterization of cell morphology on 2D functionalized glass 
surfaces 
The cells were cultured at 37 °C, 5% CO2 in Dulbecco’s Modified Eagle’s medium 
(DMEM), (Sigma Aldrich) with 10% fetal bovine serum (FBS) (Gibco), 2% GlutaMAX (Gibco), 
and 1% penicillin streptomycin (Gibco). MDA-MB-231 cell morphology on functionalized glass 
coverslips was determined using a solution of 800,000-1,000,000 cells ml-1 in cell imaging 
media made from confluent cultures (70-90%). Imaging media consisted of DMEM without 
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phenol red, supplemented as above with 12 mM HEPES (Sigma Aldrich). Images were taken at 
2, 4 and 16 hrs at 10x magnification (NA = 0.3, Nikon) and captured with a CCD (The Imaging 
Source, DMK 41AU02 or Photometrics CoolSNAP HQ2). Aspect ratio, a parameter calculated 
by dividing the length of a cell by the width of that same cell and cell spreading area were 
measured using the ImageJ software. 
 
3.4.6 Preparation of collagen gel in 3D chambers  
 
MDA-MB-231 cells (human mammary basal/claudin low carcinoma cells, ATCC) were 
embedded (750,000-1,000,000 cell ml-1) between two glass coverslips to form a chamber in a 2 
mg ml-1 rat collagen type I solution (Corning) prepared by mixing the imaging media (mentioned 
above) and collagen. Both the bottom and top coverslip were modified with a specific glass 
surface treatment (glutaraldehyde, squeaky clean glass, or PLL-PEG). The thickness of the 
chamber was controlled by placing spacers between the two glass coverslips. Additionally, a 
chamber with a step change in height was created by placing a glass strip on a double-sided tape 
in a chamber of 300 µm (see Fig. 7a). The solution of collagen and cells was mixed well before 
being sandwiched between the glasses. The samples were then flipped once every min for thirty 
mins at room temperature to keep the cells evenly distributed within the chamber as the collagen 
polymerized. The samples were placed in an incubator (37 °C, 5% CO2) for 30 min to allow the 
collagen to polymerize further. Finally, imaging media was added to each sample and placed 
back in the incubator for 24 hrs. Live cell images were taken in the middle of the chamber on a 
heating stage at 37 °C and imaged for 8 hrs at an interval of 2 mins. The transmitted images were 
taken with a 10x objective lens. At least three samples over at least two different days compiled a 




3.4.7 Fixing and staining of cells  
 
To analyze the cell behavior in a 3D environment, cells were fixed and stained for F-actin 
as done previously [38]. Both fluorescent and transmitted images were collected from each 
sample at various heights within the collagen matrix using the z-stack feature on µManager 1.3 
software. Images were taken every 5 µm for the 100 µm chambers and every 10 µm for the 240 
µm chambers. The images were taken with a 20 x objective lens (NA = 0.5, Nikon) with a 
charge-coupled device (CoolSNAP HQ2, Photometrics) attached to an inverted microscope 
(Eclipse Ti, Nikon). Image equipment was controlled by µManager. The images were analyzed 
for cell body area, protrusion length, F-actin intensity, and cell shape using ImageJ software. 
 
3.4.8 Data Analysis 
 
Cell migration was analyzed using the MTrackJ plugin [39] in ImageJ and cell speed was 
calculated as we have done previously [38]. The motility coefficient (µ) and persistence time 
(Pm) were calculated using the following equations: 
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 =    (2) 
where n is the dimension of cell motility and Pm, persistence time, characterizes the 
average time over which there is no change in the direction and speed of the cell movement. 
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In the 3D gel with step change in chamber thickness, the cell orientation was measured 
using  (0 ≤  ≤ /2), the angle between the orientation of the cell and the direction pointing 
from the thick side to the thin side of the chamber. In order to quantify the orientation of cells 
with respect to the change in the gel thickness, an orientation directionality index (DI) defined as  
   cos 2DI =    (3) 
was calculated using the measured angles. DI was calculated as a function of distance 
from the boundary of the step change for both the thick and thin sides after 2 hrs and 16 hrs. For 
the study examining cell migration from the thick side to the thin side of the gel, a directional 
migration parameter, DI over a time interval of 12 mins was calculated as we have done 
previously [40]. 
Additionally, a ratio was calculated based on the number of steps in the direction and 
opposite direction of the change in the thickness of the gel. This parameter was then averaged 
over the population to get the average ratio. 
 
3.4.9 Statistical analysis 
 
Analyses of variance (ANOVA) and student t-tests were carried out using MATLAB to 
investigate comparisons when the data sets were normally distributed. The Mann–Whitney U test 
was run in RStudio, when the normality of the data sets could not be assumed. For all the 
comparisons, the significance level (α) was set at 0.05 unless otherwise specified. Connecting 
lines over the conditions indicate the statistical differences in the distributions calculated using 







3.5.1 Surface modification of glass generating high and low collagen binding surfaces 
 
High binding surfaces that reacted with collagen were generated through 
functionalization with APTES and subsequent reaction with a bifunctional aldehyde 
(glutaraldehyde). Amine density after APTES functionalization was measured by UV absorption 
of 4-nitrobenzaldehyde (4-NB) as described in materials and methods (Fig. 1a&b) [35]. The 
number density was calculated from the amount of 4-NB and the known area of the glass 
surface. A higher density of 4-NB molecules was recovered from the APTES-treated slides than 
the unfunctionalized and aldehyde treated surfaces (Fig. 1c). Treating APTES functionalized 
coverslips with glutaraldehyde abolished the free amines on the surface available for the 
condensation reaction and brought the number density to background level. The topographical 
area of APTES is 53.7 Å2 [41].Since APTES is attached to the surface, we estimated the surface 
area covered by a molecule to be approximately 7.2 Å2 .Thus, the average fractional surface area 
covered by APTES molecule was calculated to be between 0.05-0.1 (based on topographical 
area, which is the higher limit) and 0.007-0.02 (based on the estimated area, which is the lower 
limit). This indicates that there is low amine surface coverage. To further characterize the 
surfaces, contact angle measurements were taken. The aldehyde surfaces along with the amine 
surfaces had much larger contact angles (Fig. 1d) compared to the other surface chemistries, 
indicating a more hydrophobic surface. All the surface treatments increased the contact angle 






3.5.2 Cell spreading on 2D functionalized glass surfaces 
 
Given that our functionalization appears to chemically alter the surface, we assessed the 
spreading of cells on these high and low binding surfaces. The observed cell spreading area for 
glutaraldehyde treated coverslips was greater than the conditions with unfunctionalized and PLL-
PEG surfaces after 4 and 16 hrs (Fig. 2a). Furthermore, PLL-PEG acted to inhibit spreading in 
comparison to unfunctionalized surfaces (Fig. 2a). Cell aspect ratio changed similarly to spread 
area, albeit with fewer significant differences. While aldehyde surfaces caused cells to adopt an 
elongated cell morphology as compared to either unfunctionalized or the PLL-PEG surface, the 
aspect ratio was comparable to the aldehyde surface with PLL-PEG. This is perhaps not 
surprising, given that the contact angle of aldehyde and aldehyde with PLL-PEG were also 
comparable (Fig. 2b). While not definitive, differences in the spreading of cells on the surfaces 
likely indicate differences in serum protein binding, as PLL-PEG is known to block protein 
binding and aldehyde surfaces can react with protein. 
 
3.5.3 Adhesion of collagen to functionalized glass surfaces 
 
Given changes in surface properties and cell adhesion that were dependent on surface 
treatment, we measured the adhesion interactions between a collagen gel and functionalized 
glass hemispheres with three different surface treatments: unfunctionalized, PLL-PEG 
functionalized, aldehyde functionalized. In these experiments the indenter and collagen gel were 
brought into contact for a predefined time and temperature and cured in-situ. The indenter was 
then retracted until complete separation occurs (see Fig. 3a for setup). We defined two 
parameters, the maximum adhesive force (Fmax) which is the maximum tensile load during 
separation [42], and the work of separation, which is the area under the force – displacement 
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curve from the starting point of retraction until the complete separation from the intender and gel 
(a representative plot is provided in Fig. 3b). Fmax was measured for three different surface 
treatments (Fig. 3c). The PLL-PEG functionalization showed the smallest adhesion force 
between the indenter and the collagen whereas the aldehyde functionalization was the highest. 
The work of separation for different indenters are shown in Fig. 3d. The observed trends are 
similar to Fig. 3c, such that the aldehyde-coated indenter showed the highest work of separation. 
The Fmax value of the aldehyde functionalized intender was roughly 25% higher than the PLL-
PEG and the unfunctionalized glass chemistries. However, the work of separation for the 
aldehyde condition was only 15 % higher than the unfunctionalized intender. We hypothesize 
that even though the aldehyde-coated indenter creates covalent bonding at the coating-gel 
interface and is expected to show an increase in pull-off adhesion, because the low amine 
coverage on the indenter, a less pronounced enhancement of adhesion is seen. 
 
3.5.4 Quantitative cell morphology in 3D collagen chambers with different glass 
functionalization 
After MDA-MB-231 cells were embedded in a 3D collagen chambers (Fig. 4a), cells 
were fixed and stained for F-actin. The 3D collagen chambers had a thickness of 100 µm or 240 
µm, and the glass coverslips were either unfunctionalized or aldehyde functionalized. 
Fluorescence images were taken and analyzed for cell body area, protrusion length and F-actin 
intensity at various positions within the chamber. The cell body area was significantly higher in 
chambers with aldehyde functionalized glass coverslips (Fig. 4b). It was found that the area of 
the cell does not depend on the thickness of the chamber regardless of the surface chemistry. 
However, this was an average measure and cells can be various distances from the surface, so the 
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area was calculated as a function of distance from the surface (Fig. 4c).The area of cells 
embedded in chambers with aldehyde-treated glass coverslips was higher near the surface of the 
chamber and decreases as the distance from the surface increases. On the other hand, MDA-MB-
231 cells in unfunctionalized chambers had a significantly lower area near the glass surface that 
remained relatively constant as the distance from the surface increases. This result indicated that 
the cells can sense the attachment of the aldehyde functionalized glass with collagen fibers in the 
chamber, but only near the stiff-soft interface. Once the cell is far away from the surface, the 
effect is not observed. Cell protrusion length was also analyzed (Fig. 4d). Cell protrusions in 240 
µm chambers were longer than those in 100 µm chambers, but protrusion length was less 
sensitive to the chemical modification of the coverslips. This was different than cell spreading 
area, which was primarily dependent on surface chemistry. Finally, measurements of F-actin 
intensity in the cell body were taken under all four chamber conditions (Fig. 4e). The intensity of 
cells embedded in the 100 µm chambers was higher than the intensity of cells in the 240 µm 
chambers, forming an opposite to that of the cell protrusion length. 
In addition to quantitative metrics of cell morphology, MDA-MB-231 cells embedded in 
the collagen chambers were also analyzed for their shape. Common cell morphologies were 
observed within the chambers and were placed into three general categories (Fig. 5a-c). A cell 
with a round body, no protrusions, and no net polarity in any direction was one cell morphology 
identified in the chambers (Fig. 5a). Alternatively, a cell with a polarity as it has a single 
protrusion on one side of the cell was also observed (Fig. 5b). The third type of cell morphology 
found in the chamber was a cell with an elongated body and two primary protrusions on both 
ends of the cell body (Fig. 5c). The fraction of cells displaying the three morphologies in the 
various collagen chamber conditions was analyzed (Fig. 5d-f). The thickness of the chamber 
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regulated the presence of polar (Fig. 5b) and non-polar cells (Fig. 5a&c). Collagen chambers of 
the 240 µm thickness had a larger fraction of cells displaying the polar morphology (Fig. 5b&e) 
than the non-polar, rounded morphology (Fig. 5a&c&d&f) regardless of the surface chemistry 
used. In addition, the fraction of cells with an elongated, non-polar morphology (Fig. 5c&f) did 
not dramatically change under different surface modifications or chamber thicknesses. 
 
3.5.5 Cell motility in 3D collagen chambers with different glass functionalization 
 
Cell migration was observed in the middle of the chambers for different gel thicknesses. 
Cell speed and motility coefficient were dependent on the gel thickness, but the data did not 
provide evidence to suggest that surface treatment affected these motility properties. The cell 
speed and motility coefficient as both were found higher in the thick chambers (300 µm and 540 
µm) in comparison to the thin chambers (50 µm and 100 µm) (Fig. 6a&b). However, persistence 
time calculations provided a differential response to cues arising from surface chemistries (Fig. 
6c). The persistence time was found to be greater in the PLL-PEG at a chamber height of 50 µm, 
whereas in the 100 µm chamber it was larger in the unfunctionalized condition when compared 
with the other conditions. In the 300 µm chamber, the persistence time in the unfunctionalized 
condition was found to be larger than the aldehyde treated condition (Fig. 6c). Taken together, 
cell speed and motility coefficient are not dependent on surface functionalization, but are 
dependent on collagen gel thickness, whereas persistence time tends to be more dependent on 
surface functionalization, but in a collagen gel thickness manner. 
The differential cell response with gel thickness, observed in cell speed and the motility 
coefficient led us to examine cell behavior in a system with a step change comprising a thick side 
(300 µm) and a thin side (50 µm) (Fig. 7a). The orientation of cell alignment near the boundary 
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of the step change was measured and directionality index for static, but oriented cells was 
quantified at 2 and 16 hrs after embedding cells in the collagen gel. It was observed that the 
directionality index increased after 16 hrs for the thick and the thin sides when compared to the 
cell orientation after 2 hrs (Fig. 7b). Further, the cells at the thick side had a higher directionality 
index than the thin side after 16 hrs. In addition to this, when the cell orientation was examined 
as a function of distance from the boundary of the step, a higher directionality index was 
observed closer to the boundary at 16 hrs for the thick side (Fig. 7c). However, this trend was not 
observed at 2 hrs, suggesting that it takes time for cells to develop an orientation. At a distance of 
125 µm from the boundary, the orientation observed was random (directionality = 0) for cells 
examined at 2 and 16 hrs in the thick and the thin sides (Fig. 7c). Along with orientation, we 
examined cell migration. The migration studies showed that a higher migration speed and 
motility coefficient were observed in the thick side of the chamber (Fig. 7d & 7e). The migration 
speeds in the thick and the thin sides of the chamber were comparable with the migration speeds 
observed in the chambers of gel thicknesses of 50 µm and 300 µm, respectively (Fig. 7d vs. 6a & 
7e vs. 6b). We also examined directional migration. Directional cell migration was observed in 
the thick side of the chamber. These cells showed a positive, non-zero directionality (Fig. 7f). 
However, cells on the thin side showed a more random migration in comparison to the thick side. 
The persistence time of cell migration in a direction from the thick side to the thin side was also 
calculated. Although, the median of the observed persistence time was higher in the thick side, 
the data did not suggest that there was a difference between the distributions for the thin and 
thick sides statistically (Fig. 7g). Interestingly, though the median ratio of steps taken by cells in 
the direction of the projected vector (pointing from the thick side to the thin side) was positive 
for both the sides (300 µm and 50 µm), in the thin side there were cells which took large number 
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of steps in the opposite direction (Fig. 7h). These results indicate that thickness can result in 
directional sensing, reorienting cells towards interfaces over time. However, migration in the 




Collagen is an important and abundant protein in the TME and consequently, many 
studies have focused on methods for altering the mechanical properties within collagen gels 
including altering the concentration, temperature of polymerization and gelation time [43]. In 
addition, crosslinking through glutaraldehyde, transglutaminase, lysl oxidase or glycation has 
been shown to increase the stiffness of collagen gels [44,45]. However, these techniques have 
drawbacks including changes in collagen gel properties other than stiffness, difficulty in 
controlling the stiffness and incompatibility with already embedded cells. As an alternative 
approach, local stiffness can be controlled based on the distance between the cell and the stiff-
soft interface, a parameter frequently controlled by the thickness of the soft material. Several 
studies have examined the regulation of thickness or position with respect to a stiff-soft interface 
to alter local stiffness, but none have examined the role of surface attachment in regulating local 
stiffness. Our primary interest was to assess the role of surface attachment of collagen within the 
collagen gel to a stiff glass surface, thus controlling local stiffness within the 3D collagen gel. 
We assessed the adhesion of the collagen gel to the stiff glass surface under different 
functionalization methods by polymerizing the collagen gel in the presences of differentially 
functionalized glass beads. While we did not see dramatic changes in the adhesion force (~30% 
increase), this is likely due to the low coverage of the amine and consequently, aldehyde 
functionalization. Although, the aldehyde functionalized surface showed a larger pull-off force 
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and work of separation as expected, there was no significant difference between the PLL-PEG 
and unfunctionalized conditions. This approach of controlling attachment of the soft material to a 
stiff interface complements other approaches that modulate bulk stiffness. 
Given that surface functionalization changed the adhesion between the collagen and the 
glass surface, we perturbed surface functionalization and collagen gel thickness in order to assess 
their influence on cell morphology and cell migration. Our original hypothesis was that one 
could tune the local stiffness in the collagen gel through either the surface attachment or position 
with respect to the stiff-soft interface, the latter being controlled by the thickness of the collagen 
gel. Stronger attachment and smaller distances from the interface would result in higher local 
stiffnesses. Cell area and fraction of cells that were extended and polarized were both dependent 
on surface chemistry and distance from the surface (or gel thickness) in a way that was consistent 
with the hypothesis that we were controlling local stiffness through either surface attachment or 
thickness. Surprisingly, other morphological and migration parameters showed no such trend. 
Protrusion length, F-actin content and the fraction of polarized cells were not dependent on 
distance from the stiff-soft interface or surface functionalization, yet they were primarily 
dependent on the thickness of the collagen gel. In addition, migration speed and motility 
coefficient showed no dependence on surface functionalization, but rather thickness only. 
Finally, persistence time depended only on surface functionalization and not gel thickness. While 
surface functionalization and collagen gel thickness jointly regulate local stiffness, other 
mechanisms could influence cell behavior. For instance, cells secrete diffusible pro-migratory 
factors into the medium. The local concentrations of these factors depend on both thickness of 
the collagen gel as well as distance to the stiff-soft interface. Different thicknesses represent 
different volumes in which these diffusible signals could accumulate, where thinner collagen 
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gels could attain higher concentrations than thicker collagen gels. Furthermore, since the 
concentration boundary condition at the stiff-soft interface is a no flux boundary condition, this 
enhances the concentration at short times when cells due to the reflective nature of the boundary. 
However, absent of binding of the factors to the interface, surface chemistry should not affect 
this mechanism. If cell morphology or migration is dependent on secreted diffusible factors, a 
thickness or distance dependence would occur. Alternatively, collagen fiber assembly could 
depend on the surface functionalization of the interface, altering the structure of the collagen 
fibers close to the interface. Presumably this effect would be absent further away from the 
interface. If cell morphology or migration is dependent upon collagen structure, a surface 
functionalization dependence would occur. These represent possible additional mechanisms that 
may control cell morphology and migration through either surface chemistry or collagen gel 
thickness rather than through unified control over local stiffness. 
While we are unaware of cell studies that have examined the role of surface attachment 
of soft materials to stiff materials, several groups have examined the role of gel thickness or 
distance from the surface. Numerous 2D studies have shown that the thickness of soft gels 
attached to a stiff surfaces alter cell spreading area, where thick gels result in small spread areas 
and thin gels result in large spread areas [46–51]. Interestingly, fiber forming matrices like those 
composed of fibrin or collagen appear to affect cell behavior further away from the surface as 
compared to gels like polyacrylamide, even when the bulk modulus is similar [52]. Fiber forming 
gels can exert changes on cell spreading areas up to about 150 µm away from the surface. The 
distance over which the area decreases by 50% for fiber forming gels appears to be around 80 
µm, whereas that for polyacrylamide is about 4 µm [52]. Migration speed does not show such 
simple behavior. Migration speed increased in mesenchymal cells and decreased in fibroblasts 
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with thicker gels [53]. This is to be expected as migration has a biphasic response to stiffness and 
depending on the cell type and the elastic modulus of the gel, the stiffer environment could either 
act to increase or decrease speed. Finally, gel thickness appears to modulate collective cell 
migration and durotactic movement during the clustering of cells [54]. Fewer studies on the 
effect of stiffness have been conducted in 3D. Glioblastoma cells embedded in matrigel were 
shown to decrease their area and aspect ratio as the distance between the interface and the cell 
increased [26]. Similar to 2D, the penetration depth of the effect appears to be on the order of 
150 µm. Furthermore, migration speed was fast, close to the stiff-soft interface and slower 
further away from the interface. Fibroblasts in collagen also showed the same area dependence 
as glioblastoma cells in matrigel, however, they did not appear to alter their migration speed 
[32]. Finally, while surface attachment has not been quantitatively altered, attached vs. floating 
collagen gels have been compared and fibroblasts appear to decrease their migration speed in 
collagen gels that are not attached to a stiff interface [55]. This change in migration may possibly 
be due to the change in focal adhesions, which seem to disappear when more than 200 µm from 
the surface [56]. The area dependence of MDA-MB-231 cells in collagen on distance seems to 
be a bit blunted as compared to glioblastoma, fibroblasts or mesenchymal cells. We only 
observed differences over ~60 µm and only in situations where collagen was covalently attached 
to the glass. This could be a function of diminished mechanosensing in MDA-MB-231 cells or 
the presence of additional mechanisms beyond local stiffness modulation described in the 
previous paragraph. In addition, MDA-MB-231 cells appear to increase their migration speed in 
thicker collagen gels, but because this affect was not altered as a function of surface attachment 
of collagen, perhaps migration too depends on mechanisms beyond local stiffness modulation. 
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This change in stiffness as a function of distance from a stiff-soft interface can also be 
leveraged to induce durotaxis, directed migration in response to a stiffness gradient. Again, some 
work has been conducted on 2D substrates, where the surface stiffness has been controlled by 
underlying topographical features [11,57]. In 3D, durotactic gradients have been formed in 
constant thickness collagen gels attached to polyacrylamide gels with gradients of stiffness [27] 
or in gels with step changes in surface features [53]. Within the collagen gels formed over step 
changes, durotaxis occurred from soft to stiff (thick to thin section) with the relevant changes 
occurring from 100 to 40 µm thick collagen gels. The directionality found in our cells moving 
from 300 to 50 µm is somewhat larger but matches well with those for fibroblasts and 
mesenchymal stem cells. Patterning surface attachment of the soft material with a stiff interface 
or designing complex topographical structures is an interesting way to guide cell migration 
through durotaxis. These approaches afford the ability to fabricate surfaces well before cell 
embedding in the soft material. These techniques complement current approaches that employ 




In this study we examined the role of glass surface chemistry and collagen gel thickness 
in controlling cell morphology and migration of MDA-MB-231 breast cancer cells in 3D 
collagen gels. Aldehyde functionalized glass in comparison to PLL-PEG or unfunctionalized 
glass is more hydrophobic, induces better 2D cell spreading and is more adhesive to collagen, 
presumably increasing the observed stiffness close to the glass-collagen gel interface. Cell 
spreading area in 3D collagen gels depended on the proximity of the cell to the glass-collagen 
interface, but only when glass was aldehyde functionalized and glass-collagen adhesion was 
largest. Unfunctionalized glass showed no area dependence on distance from the glass-collagen 
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interface. Cell migration differed. Cells migrated with higher speeds in thick collagen gels and 
appeared to show no dependence on the glass surface chemistry. Finally, directional migration 
could be induced by leveraging step changes in the thickness of the collagen. This indicates that 
while surface chemistry and collagen gel thickness can be used to alter the stiffness, they affect 
cell properties differently, suggesting additional mechanisms that may cooperate with stiffness in 
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3.12 Figure Legends 
 
 
Figure 1. Characterization of surface properties on functionalized glass surfaces a) UV 
absorbance spectra for 4-nitrobenzaldehyde (4NB) at different concentrations (0.10, 0.21, 0.41, 
0.83, 1.7, 3.3, 6.6, 13 M) for one experiment. The gray arrow indicates increasing 4NB 
concentrations. b) Standard curve obtained from the absorbance at 270 nm (Nexperiments = 2). 
c) The number of density 4NB on unfunctionalized, amine functionalized and aldehyde treated 
glass (Nsamples > 4). d) Contact area between water and glass surfaces with different surface 
functionalization (Nsamples > 5). The error bars represent the 95% confidence intervals. Lines 
over bars indicate that conditions were statistically significantly different as determined by a 




Figure 2. Characterization of cell spreading on functionalized glass surfaces a) Cell 
spreading area and b) cell aspect ratio of MDA-MD231 cells observed after 2, 4 and 16 hrs for 
different chemical functionalization on glass surfaces (Nsamples > 3, Ncells > 226). The error 
bars represent the 95% confidence intervals. Lines over bars indicate that conditions were 
statistically significantly different as determined using analysis of variance ANOVA test with p 





Figure 3. Characterization of adhesion of collagen to functionalized glass surfaces a) 
Custom-built adhesion apparatus used to measure the pull-off force of the glass indenter as a 
function of displacement. b) A representative image of the force-displacement curve obtained 
from the experiment. c) The corrected pull-off force and d) the work of separation observed 
when the functionalized glass indenter was in contact with polymerizing collagen. The in situ 
polymerization of collagen and simultaneous cross-linking of chemically treated glass surfaces 
with the collagen were carried out with heating stage (Nsamples > 3). The error bars represent 
the 95% confidence intervals. Lines over bars indicate that conditions were statistically 





Figure 4. Characterization of cell morphology in 3D collagen chambers of different 
thicknesses and glass functionalization a) Schematic representation of imaging set up with 
cells embedded in collagen gel. b) Cell spreading area, d) protrusion length and e) F-actin 
intensity averaged over thickness for 100 μm and 240 μm chambers of unfunctionalized and 
aldehyde functionalized coverslips. c) Cell spreading area observed at intervals of 5 μm and 10 
μm for 100 μm and 240 μm collagen chambers with unfunctionalized and aldehyde 
functionalized glass surfaces, respectively (Nsamples = 3, Ncells > 99 for b,d & e, Nsamples = 3, 
Ncells > 9 for c). The error bars represent the 95% confidence intervals. In the box plots, the 
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middle line indicates median, the top and bottom of the box indicate 75th percentile and 25th 
percentile respectively, and the whiskers indicate the 90th and 10th percentiles. Lines over bars 
indicate that conditions were statistically significantly different as determined by an ANOVA 













Figure 5. Characterization of cell shape in 3D collagen chambers of different thicknesses 
and glass functionalization Different cell morphologies were found for all surface conditions 
and chamber thicknesses. The cells were grouped according to the following cell morphologies: 
a) round and non-polar, b) round and polar, c) skinny and non-polar. Roundness is determined by 
the cell body while polarity is determined by the protrusions. Fractional cell morphology 
observed in 100 µm and 240 µm chambers with unfunctionalized and aldehyde treated 
conditions for d) round and non-polar, e) round and polar and f) skinny and non-polar 







Figure 6. Motility characterization in 3D collagen chambers with functionalized glass 
surfaces Migration analysis of MDA-MB-231 cells embedded in 2mg ml-1 collagen gel 
chambers with different gel thicknesses and surface chemistries. a) Cell migration speed, b) 
motility coefficient and c) persistence time of MDA-MD231 cells observed in the middle of the 
chamber (Nsamples > 3, Ncells > 44). The cell migration speed and motility coefficient were 
found to be larger in the thick chambers (300 µm and 540 µm) than the thin chambers (50 µm 
and 100 µm). In the box plots, the middle line indicates median, the top and bottom of the box 
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indicate 75th percentile and 25th percentile respectively, and the whiskers indicate the 90th and 
10th percentiles. Lines over bars indicate that conditions were statistically significantly different 
as determined by a Mann-Whitney U test with p = 0.05. + indicates that there are values outside 











Figure 7. Motility characterization in 3D collagen chambers with step change in thickness 
a) Schematic representation of a step change in the collagen gel. Migration and directionality 
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analysis of MDA-MB-231 cells embedded in 2mg ml-1 collagen gel chambers, observed at the 
boundary of a step change in the thickness (Nsamples>4, Ncells > 75 for b, Ncells > 12 for c, 
Nsamples= 4, Ncells = 50 for d-h). b) Directionality index averaged over distance from the 
boundary of the step change for 50 µm and 300 µm gel thicknesses. c) Directionality index as a 
function of distance from the boundary. d) The cell migration speed and e) motility coefficient 
are found to be larger in the thick side of the chamber (300 m) than the thin side (50 m).A 
directed motility of the cells was found from the thick side of the step change to the thin side f). 
Persistence time g) and ratio of the direction (towards+ / away-) of each step of cell movement h) 
in a direction oriented from the thick side to the thin side of the chamber. The error bars 
represent the 95% confidence intervals. In the box plots, the middle line indicates median, the 
top and bottom of the box indicate 75th percentile and 25th percentile respectively, and the 
whiskers indicate the 90th and 10th percentiles. Lines over bars indicate that conditions were 
statistically significantly different as determined by ANOVA test with p = 0.05 or determined by 




CHAPTER 4.     FUTURE WORK 
4.1 Investigating the Biophysical Effects of Hyaluronan Molecular Weight and 
Concentration on Breast Cancer Cell Migration in Collagen Matrices 
In our study, collagen matrices in 3D confined chambers have been developed as a 
technique to mimic the in vivo environment with tunable mechanical properties. We are 
furthering our studies by incorporating another important ECM component into the 3D systems. 
Glycosaminoglycans (GAGs) are complex polysaccharide molecules present in the ECM with 
repeating unit of specific disaccharides. GAGs are known to modulate cellular process like cell 
proliferation, cell migration, cell-matrix adhesion and cell-matrix interactions, which are critical 
to tumorigenesis. There are four sub families of GAGs:  Heparin (HS), chondroitin 
sulfate/dermatan sulfate (CS), keratan sulfate (KS), and hyaluronan (HA) (Fig 8). Researchers 
have been interested in probing the influence of hyaluronan in cancer invasion and metastasis 
because a high level of hyaluronan has been correlated to high mortality rates among certain 
carcinomas[92,93]. The interplay between HA producing hyaluronan synthases and 
hyaluronidases balances the HA levels in normal tissues. Numerous studies have shown that the 
expression of hyaluronan synthases (HASs) is high during cancer progression, particularly at the 
invading ends of certain breast carcinomas. Consequently, an overproduction of HA is observed 
[94–97]. Furthermore, matrix elastic modulus has been shown to with increase in the 
concentration of HA in HA-collagen composite matrices in vitro[98]. In vivo and in vitro studies 
have also revealed that an increased expression of the HAS proteins resulted in an increased 
tumor progression[99]. Currently, many clinical trials are probing the possibility of degrading 
HA in the tumor microenvironment using hyaluronidases as a potential therapy for cancer. 
However, the degradation would lead to formation of smaller fragments of HA with low 
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molecular weights. This could alter biophysical properties and biochemical signaling pathways. 
For example, high molecular weight HA increased but low molecular weight HA reduced the 
CD44 clustering among different cell lines [100]. However, the impact of these changes and the 
mechanism behind the cell responses largely remain obscure. There are limited number of 
studies exploring the influence of molecular weights of HA on cancer cell behavior. 
Furthermore, a number of HA receptors have been identified, of which CD44 and RHAMM are 
known to influence cell behavior [101,102]. HA in the ECM interacts with the cell by binding 
itself to these receptors at the cell-surface. Studies have shown that knockdown of CD44 and 
RHAMM receptors have been shown to reduce proliferation and migration. Thus, it is expected 
that there are two possible ways by which HA composition and concentrate on affect cell 
behavior. One possible mechanism is by altering the mechanical properties of the matrix and the 
other through the hyaluronan induced signaling through the receptors. It could also be an 
interplay between the mechanical cues and bio-chemical signals. Although HA-induced 
biophysical mechanisms are known to alter the cell behavior by imparting localized variations in 
the ECM, it is still poorly understood. Analyzing the function of HA and the underlying 
mechanisms that elicit cellular responses in collagen-HA composites mimicking the TME will 






Figure 8. The structure of hyaluronan consisting of repeating disaccharides of glucuronic 
acid and N-acetylglucosamine [92] 
 
4.2 Investigating the Influence of Surface Topographical Cues to Elicit Durotaxis in 3D 
Systems Among Breast Cancer Cells 
Engineered surface topographical cues in a 3D scaffold designed to manipulate physical 
cues to the cells could be useful to elicit specific cellular responses. The cell response is thought 
to be a function of the strength and persistence of these signals. Micro-fabrication techniques 
have been widely used to manipulate physical cues by generating surface topographies to study 
cellular responses. Surface topographies with defined physical features can be precisely 
generated using a variety of techniques, such as nanoimprint lithography, photolithography, 
embossing, colloidal lithography, fused deposition modeling, micro-stereolithography, and 3D 
printing. Furthermore, studies have reported that by administering artificial biomaterials to 
present surface textures like groves, pillars and pillars affected cell responses among stem cells, 
particularly proliferation and differentiation [103,104]. Although these fabrication techniques 
offer precise control and reproducibility, most of the cell studies are on 2D substrates with 
surface topographies. Surface micro-textures have been shown to affect cellular responses such 
as cell attachment, orientation, adhesion, cell growth, migration and differentiation[105–107]. 
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For example, Alvaro Mata et.al in 2002 showed that by designing channel textures on PDMS, 
cell alignment, proliferation and morphology were significantly different from the non-textured 
PDMS surface in Growth of human connective tissue progenitor cells (CTPs) [108]. 3D gels 
with embedded cells capable of remodeling the microenvironment and force transmission 
through focal adhesions all over the cell surface, are physiologically more relevant. In the more 
recent studies, 3D systems are becoming a standard for cell biology studies. In one of the early 
studies in 3D, micro-rods incorporated into matrigel matrices were reported to affect cell 
proliferation among fibroblasts [109]. Stiffness or mechanical cues, in fiber forming matrices 
like collagen or fibronectin, are capable of affecting cell behavior even hundreds of microns 
away from the cells. We are interested in manipulating the surface topographies using 3D 
printing to provide physical cues to direct cell migration in 3D. Previously, we observed 
durotactic response in confined 3D environment by spatially altering the mechanical cues by 
presenting a step change in thickness of the collagen gels, among breast cancer cells. Thus, in 
our study we are devising 3D structures (Fig. 9) and leveraging the cell responses to soft-stiff 
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APPENDIX. MATLAB CODE 





cellfiber = imread([home_directory filesep image_filename]); 
sz=size(cellfiber) 
imshow(cellfiber,[]); %shows the image  
hold on 
downsamplingfold = 8;%Every Pixel will have its own vector 
h1 = impoint(gca,[]); 
position1 = wait(h1) 
h2 = impoint(gca,[]); 
position2 = wait(h2) 
NumberofCells = 40; 
cx=[position1(1) position2(1)] 
cy=[position1(2) position2(2)] 
cc = [[1; 1]  cx(:)]\cy(:);                         
slope = cc(2) %slope of the line 
intercept = cc(1); %intercept of the line 
p=[300 400];ix=1500; iy=1500;  
[x,y]=meshgrid(1:ix, 1:iy); 
A=[slope -1; 1 slope]; 
b=[-intercept; slope*p(2)+p(1)]; 
X=linsolve(A,b); 
dirx= -(X(1)-p(1))/sqrt((X(1)-p(1))^2+ (X(2)-p(2))^2); 
diry=-(X(2)-p(2))/sqrt((X(1)-p(1))^2+ (X(2)-p(2))^2); 
U2 = dirx*ones(ix,iy);%Gives x part of the vector 
V2 = diry*ones(ix,iy);%Gives y part of the vector 
imax = log2(downsamplingfold); 
for i=1:imax 
   U2 = dyaddown(U2,0,'m'); 






Cellx = xlsread(excel_file, 'Directionality','D2:D24137'); 
Celly = xlsread(excel_file, 'Directionality','E2:E24137'); 
Cellx = round(Cellx); 
Celly = round(Celly); 
VectorLength = length(Cellx); 
  
  
for i=1:VectorLength %new array which has radial vector values 
RadialLocationArray(i) = asind(diry/sqrt(dirx^2+ diry^2)); 
end 
  
RadialLocationArray = transpose(RadialLocationArray);%reorganize it 




       
     
CellNumber = xlsread(excel_file, 'Directionality','B2:B24137'); 
  
xpos = xlsread(excel_file, 'Directionality','D2:D24134'); 
ypos = xlsread(excel_file, 'Directionality','E2:E24134'); 
  
CellIdentityandDifferences = horzcat(CellNumber, 
Cellx,Celly,RadialLocationArray);%combine infomration 
CellIdentityandDifferences = [CellIdentityandDifferences 
zeros(size(CellIdentityandDifferences,1),1)];%populates the cell array with 
zeros for area we will need later 
CellIdentityandDifferences = [CellIdentityandDifferences 
zeros(size(CellIdentityandDifferences,1),1)];%populates the cell array with 
zeros for area we will need later 
CellIdentityandDifferences = [CellIdentityandDifferences 
zeros(size(CellIdentityandDifferences,1),1)];%populates the cell array with 
zeros for area we will need later 
for i=1:NumberofCells %split each cell into its own matrix in cell array 
     
        EachCellCellArray{1,i} = 
CellIdentityandDifferences(CellIdentityandDifferences(:,1)==i,:); 
        
end 
  
for i=1:NumberofCells % truncate all the info into steps every 12 or 24  
        %EachCellCellArray{2,i} = EachCellCellArray{1,i}(1:6:end,:);  
        EachCellCellArray{2,i} = EachCellCellArray{1,i}(1:6:end,:); 
        EachCellCellArray{3,i} = EachCellCellArray{1,i}(1:24:end,:); 




for i=1:NumberofCells%arctangent in degrees of cell movement for 12 step 
    rotatingmatrixsize2 = size(EachCellCellArray{2,i},1); 
    for m = 2:rotatingmatrixsize2 
        x1=((EachCellCellArray{2,i}(m,2)-EachCellCellArray{2,i}(m-1,2))); 
        y1=((EachCellCellArray{2,i}(m,3)-EachCellCellArray{2,i}(m-1,3))); 
        EachCellCellArray{2,i}(m,5) =  asind(y1/sqrt(x1^2+y1^2)); 
        
    end      
end 
  
for i=1:NumberofCells%arctangent in degrees of cell movement for 24 step 
    rotatingmatrixsize3 = size(EachCellCellArray{3,i},1); 
    for m = 2:rotatingmatrixsize3 
        x1=((EachCellCellArray{3,i}(m,2)-EachCellCellArray{3,i}(m-1,2))); 
        y1=((EachCellCellArray{3,i}(m,3)-EachCellCellArray{3,i}(m-1,3))); 
        EachCellCellArray{3,i}(m,5) =  asind(y1/sqrt(x1^2+y1^2)); 
      
        





for i=1:NumberofCells %subtracts theatam from theataf of 12 step 
    rotatingmatrixsize2 = size(EachCellCellArray{2,i},1); 
    for m = 2:rotatingmatrixsize2 
        
        EachCellCellArray{2,i}(m,6) = EachCellCellArray{2,i}(m,4)-
EachCellCellArray{2,i}(m,5); 
        
    end      
end 
  
for i=1:NumberofCells%subtracts theatam from theataf of 24 step 
    rotatingmatrixsize3 = size(EachCellCellArray{3,i},1); 
    for m = 2:rotatingmatrixsize3 
        
        EachCellCellArray{3,i}(m,6) = EachCellCellArray{3,i}(m,4)-
EachCellCellArray{3,i}(m,5); 
          
     end      
end 
  
for i=1:NumberofCells%changes the difference between theatas to between 0 and 
90 
    rotatingmatrixsize2 = size(EachCellCellArray{2,i},1); 
    for m = 2:rotatingmatrixsize2 
        EachCellCellArray{2,i}(m,6) = 
abs(EachCellCellArray{2,i}(m,6));%absolute value of all the theatas 
         
     end      
end 
  
for i=1:NumberofCells%changes the difference between theatas to between 0 and 
90 
    rotatingmatrixsize3 = size(EachCellCellArray{3,i},1); 
    for m = 2:rotatingmatrixsize3 
        EachCellCellArray{3,i}(m,6) = 
abs(EachCellCellArray{3,i}(m,6));%absolute value of all the theatas 
     end      
end 
k=0; 
for i=1:NumberofCells%Writes the DI for the 12 step 
    rotatingmatrixsize2 = size(EachCellCellArray{2,i},1); 
    for m = 2:rotatingmatrixsize2 
        EachCellCellArray{2,i}(m,7) = cosd(EachCellCellArray{2,i}(m,6)); 
        EachCellCellArray{4,i} = 
(nansum(EachCellCellArray{2,i}(:,7)))/(rotatingmatrixsize2-1) 
     end  
end 
  
for i=1:NumberofCells%Writes the DI for the 24 step 
    rotatingmatrixsize3 = size(EachCellCellArray{3,i},1); 
     for m = 2:rotatingmatrixsize3 
        EachCellCellArray{3,i}(m,7) = cosd(EachCellCellArray{3,i}(m,6)); 
71 
 
        EachCellCellArray{5,i} = 
nansum(EachCellCellArray{3,i}(:,7))/(rotatingmatrixsize3-1-
sum(isnan(EachCellCellArray{3,i}(:,7)))); 
     end  
end 
  
EachCellCellArray{6,1} = vertcat( EachCellCellArray{4,:}); 
%EachCellCellArray{6,1} = mean(EachCellCellArray{6,1,:}); 
  
EachCellCellArray{6,2} = vertcat( EachCellCellArray{5,:}); 
%EachCellCellArray{6,2} = mean(EachCellCellArray{6,2,:}); 
    
  
  
end 
 
 
 
 
